Telomeres, which are found at the ends of eukaryotic chromosomes, are composed of tandem arrays of repetitive sequences and safeguard genomic stability. Previous studies have revealed that telomeric repeats are also present at internal chromosomal loci in many eukaryotes. However, the biological role of these interstitial telomeric sequences (ITSs) remains unknown. The integrity of telomeric length and chromatin structure is required for telomere stability. However, the study of these telomeric features can be impeded by the presence of ITSs. Frequently cutting restriction enzymes have been revealed to be very useful tools for the study of the length and chromatin structure of telomeres independent of the presence of ITSs.
INTRODUCTION
Telomeres usually contain double-stranded tandem repeats of a 6 -8 bp G/C-rich motif followed by a singlestranded overhang of the G-rich strand. The telomere length is characteristic for each organism and must be properly regulated to ensure telomeric stability [1] [2] [3] . This has been clearly demonstrated in studies of mutants lacking telomerase, the enzyme that replicates telomeres [4] [5] [6] . In addition, the maintenance of telomeric chromatin structure is also required for telomere stability, even if the telomeric length is not altered [7, 8] .
The homeostasis of telomere length and chromatin structure is essential to prevent chromosome fusions and degradation by exonucleases as well as to ensure accurate DNA repair, homologous recombination, chromosome pairing and segregation. In mammals, the loss of telomere stability can affect many significant biological phenomena, such as aging, illness and cancer [1] [2] [3] . Therefore, the study of telomere length and chromatin structure is of major interest. Ideally, these studies would not be influenced by the existence of ITSs.
The first approach described to study telomeric length in different organisms was the analysis of terminal restriction fragments (TRFs) [9] . In TRFs analyses, genomic DNA is digested with frequently cutting restriction enzymes, resolved on agarose gels and hybridized with a telomeric probe. This approach allows for the determination of telomeric length using appropriate markers. Telomeres are composed of perfect repeats that are not typically cut by restriction enzymes. In contrast, ITSs usually are digested by restriction enzymes. Therefore, ITSs do not generally interfere with the determination of telomeric length [10] . However, TRFs analyses cannot be applied to some organisms, such as the Chinese hamster, in which ITSs are nearly perfect and more abundant than telomeres [11] .
Some alternative methods to TRFs analyses that do not involve the use of restriction enzymes have been described to study telomeric length in different organisms [9] : 1) In fluorescence in situ hybridization (FISH), telomeres are labeled with fluorescent probes. This allows for the measurement of the average telomeric length (F-FISH) in a single cell or the length of each individual telomere in the cell separately (Q-FISH); 2) The analysis of the lengths of unique telomeres (STELA in humans or PETRA in plants) involves the use of telomeric and subtelomeric primers, which permits the study of the telomeric length of specific telomeres; 3) Quantitative PCR (qPCR) involves the use of degenerate telomeric primers and may require the amplification of other genomic sequences as a DNA quantity control. Nevertheless, all of these alternative methods require validation prior to use and are usually validated by TRFs analyses when possible.
The chromatin structure of telomeres has been analyzed with two techniques: immunocytolocalization and chromatin immunoprecipitation (ChIP) followed by dotblotting and hybridization with a telomeric probe. Both techniques generate uncertain results because immunocytolocalization detects both telomeres and subtelomeric regions, while ChIP detects both telomeres and ITSs.
OPEN ACCESS
Even if the same biological system is studied using both techniques, the conclusions obtained might be ambiguous because of the detection of subtelomeric ITSs [12] .
Two additional approaches have been described to study telomeric chromatin independently of ITSs. The first technique uses a frequently cutting restriction enzyme and has been used to analyze the chromatin structure of telomeres in Arabidopsis thaliana [13] . Arabidopsis telomeres are composed of repeat arrays of the plant-type sequence (TTTAGGG/CCCTAAA). These repeats are also very abundant at interstitial chromosomal loci [14] [15] [16] [17] [18] [19] . The restriction enzyme Tru9I, which recognizes the sequence TTAA/AATT, was used to differentiate between the telomeres and the ITSs [13] . Telomeric repeat arrays at Arabidopsis telomeres are perfect, so they remain uncut after digestion with Tru9I. In contrast, the telomeric repeat arrays of ITSs in Arabidopsis are composed of degenerate telomeric repeats interspersed with short arrays of perfect telomeric repeats [10, 17, 18, 20] . Therefore, Arabidopsis ITSs are frequently cut by Tru9I. After digesting Arabidopsis genomic DNA with Tru9I and hybridizing with a telomeric probe, the hybridization signals corresponding to ITSs mostly disappear, with only three ITSs bands smaller than 500 bp remaining. Therefore, the signals detected above 500 bp after Tru9I digestion correspond only to telomeres. In turn, when Arabidopsis genomic DNA is undigested, the signals detected above 500 bp correspond both to telomeres and to ITSs [10] . This observation allowed for the study of the chromatin structures of Arabidopsis telomeres and ITSs independently. After performing ChIP, the input and immunoprecipitated DNA samples were amplified with a whole genome amplification protocol. Then, the DNA samples, undigested or digested with Tru9I, were resolved in an agarose gel and hybridized with a telomeric probe. Finally, the relative enrichment of ITSs versus telomeres was calculated [13] .
Using this method, Arabidopsis telomeres were found to exhibit euchromatic features. In contrast, the subtelomeric regions and telomeric sequences present at interstitial chromosomal loci were heterochromatic. Six different epigenetic features were analyzed in this study, three that were heterochromatic (H3K9Me2, H3K27Me and DNA methylation) and three that were euchromatic (H3-K4Me2, H3K9Ac and H4K16Ac). The telomeres were found to have lower levels of heterochromatic markers and higher levels of euchromatic markers relative to ITSs. In contrast, the subtelomeric regions and ITSs were enriched with heterochromatic markers and had low levels of euchromatic markers [13] .
Although some concerns have been raised about this experimental procedure by Majerová and colleagues [21] , these concerns are unjustified [22] . The results obtained using the Tru9I approach have been confirmed with the second technique mentioned above, which does not use frequently cutting restriction enzymes. This second approach is based on the analysis of the ChIP-seq data available in the publicly accessible databases [23] . It relies on the comparison of the number of perfect telomeric reads (at least four) with the number of centromeric reads. Four perfect tandem telomeric repeats are present in 98% of the cases at telomeres. This analysis revealed that Arabidopsis telomeres have lower levels of heterochromatic marks than centromeres (H3-K9Me2 and H3 K27Me), higher levels of some euchromatic marks (H3 K4Me2 and H3K9Ac) and similar or lower levels of other euchromatic marks (H3K4Me3, H3K36Me2, H3K 36Me3 and H3K18Ac). Interestingly, the ChIP-seq experiments also revealed that Arabidopsis telomeres exhibit high levels of H3K27Me3, a repressive mark that associates with many euchromatic genes. This chromatin organization is found in 23% of Arabidopsis genes, many of which are repressed or lowly expressed.
In general, the use of frequently cutting restriction enzymes could enable the study of other genomic repetitive sequences, if their composition varies at different genomic loci. In addition, the use of frequently cutting restriction enzymes or of ChIP-seq data could enable the study of telomeric chromatin structure in other model systems where ITSs are composed of degenerate telomeric repeats interspersed with short arrays of perfect telomeric repeats.
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